In order to make best use of the opportunities provided by space missions such as 15 the Radiation Belt Storm Probes, we determine the response of complementary 16 subionospheric radiowave propagation measurements (VLF), riometer absorption 17 measurements (CNA), and GPS-produced total electron content (vTEC) to different 18 energetic electron precipitation (EEP). We model the relative sensitivity and responses of 19 these instruments to idealised monoenergetic beams of precipitating electrons, and more 20 realistic EEP spectra chosen to represent radiation belts and substorm precipitation. In the 21 monoenergetic beam case, we find riometers are more sensitive to the same EEP event 22 occurring during the day than during the night, while subionospheric VLF shows the
2 opposite relationship, and the change in vTEC is independent. In general, the 24 subionospheric VLF measurements are much more sensitive than the other two techniques 25 for EEP over 200 keV, responding to flux magnitudes two-three orders of magnitude 26 smaller than detectable by a riometer. Detectable TEC changes only occur for extreme 27 monoenergetic fluxes. For the radiation belt EEP case, clearly detectable subionospheric 28 VLF responses are produced by daytime fluxes that are ~10 times lower than required for 29 riometers, while nighttime fluxes can be 10,000 times lower. Riometers are likely to 30 respond only to radiation belt fluxes during the largest EEP events and vTEC is unlikely to 31 be significantly disturbed by radiation belt EEP. For the substorm EEP case both the 32 riometer absorption and the subionospheric VLF technique respond significantly, as does 33 the change in vTEC, which is likely to be detectable at ~3-4 TECu. 34 1. Introduction 35 The basic structure of the Van Allen radiation belts was recognized from shortly after their 36 discovery following the International Geophysical Year [Van Allen and Frank, 1959; Hess, 37 1968; Van Allen, 1997]. However, despite being discovered at the dawn of the space age, 38 there are still fundamental questions concerning the acceleration and loss of highly 39 energetic electrons [Reeves et al., 2009; Thorne et al., 2010] in the radiation belts. Energetic 40 electron fluxes can increase or decrease by several orders of magnitude on time scales less 41 than a day [e.g., Morley et al., 2010] . In response to these questions NASA's Living with a 42 Star Radiation Belt Storm Probe (RBSP) mission is scheduled for launch in mid-late 2012 43 and may be accompanied by several other dedicated radiation belt missions (e.g., the USAF 44 DSX, the Russian RESONANCE mission and Japan's ERG). 45 Supporting these major space-based investigations, multiple researchers and groups are 46 planning near Earth measurements which will focus upon the loss of energetic electrons into 47 the atmosphere. These range from new campaigns flowing from the Living With a Star 48 3 Mission of Opportunity programme (i.e., BARREL [Millan et al., 2011] ) through to 49 existing ground-based observatories who have expanded their coverage in preparation for 50 the RBSP mission (e.g., AARDDVARK ). 51 The coupling of the Van Allen radiation belts to the Earth's atmosphere through 52 precipitating particles is an area of intense scientific interest, principally due to two separate 53 research activities. One of these concerns the physics of the radiation belts, and primarily 54 the evolution of energetic electron fluxes during and after geomagnetic storms [e.g., Reeves 55 et al ., 2003 ]. The other focuses on the response of the atmosphere to precipitating particles, 56 with a possible linkage to climate variability [e.g., Turunen et al., 2009 ; Seppalä et al., 57 2009]. Both scientific areas require increased understanding of the nature of the 58 precipitation, particularly with regards to the precipitation drivers, as well as the variation of 59 the flux and energy spectrum for electrons lost from the outer radiation belts. 60 Essentially all geomagnetic storms substantially alter the electron radiation belt 61 populations via acceleration, loss and transport processes [Reeves et al., 2003; Reeves et al., 62 2009] where precipitation losses in to the atmosphere play a major role [Green et al., 2004 ; 63 Millan and Thorne, 2007] . A significant fraction of all of the particles lost from the 64 radiation belts are precipitated into the atmosphere [Lorentzen et al., 2001; Horne, 2002;  65 Friedel et al., 2002; Clilverd et al., 2006] , although storm-time non-adiabatic magnetic field 66 changes also lead to losses through magnetopause shadowing [e.g. Ukhorskiy et al., 2006] . 67 The impact of precipitating particles on the environment of the Earth is also an area of 68 recent scientific focus. Precipitating charged particles produce odd nitrogen and odd 69 hydrogen in the Earth's atmosphere which can catalytically destroy ozone [Brasseur and 70 Solomon, 2005] . As a result, energetic electron precipitation (EEP) events have been linked 71 to significant decreases in polar ozone in the upper stratosphere [e.g., Randall et al., 2007;  72 Seppälä et al., 2007] . By influencing stratospheric ozone variability, energetic particle 73 precipitation can affect the stratospheric radiative balance, and may link to climate 74 4 variability [Rozanov et al., 2005; Seppälä et al., 2009] . Recent experimental studies have 75 demonstrated the direct production of odd nitrogen [Newnham et al., 2011] and odd 76 hydrogen [Verronen et al., 2011; Andersson et al., 2012] in the mesosphere by EEP during 77 geomagnetic storms. 78 In order to make best use of the opportunities provided by space missions such as RBSP it 79 is important to understand the response of extensive ground-based instrumentation networks 80 to different EEP characteristics. In this paper we focus upon subionospheric VLF 81 propagation measurements, riometers (relative ionospheric opacity meter) absorption 82 measurements, and GPS derived total electron content. In particular, we aim to contrast the 83 predicted sensitivity and responses of these instruments to monoenergetic beams of 84 precipitating electrons, EEP from the radiation belts, and EEP during substorms. Recent 85 work has demonstrated that both geomagnetic storms and substorms produce high levels of 86 EEP [e.g., Rodger et al., 2007; Clilverd et al., 2008 Clilverd et al., , 2011 , and can significantly alter 87 mesospheric neutral chemistry [Rodger et al., 2010; Newnham et al., 2011] . Networks of 88 multiple precipitation sensing ground-based instruments exist for each of our three selected 89 techniques, for example the AARDDVARK array of subionospheric radio receivers 90 , the GLORIA riometer array [Alfonsi et al., 2008] , and the Canadian 91 High Arctic Ionospheric Network (CHAIN) of GPS receivers [Jayachandran et al., 2009 ]. 92
Modeling of electron-density produced ionization changes
93 Figure 1 shows a schematic of the ground-based instruments we consider in the current 94 study. Subionospheric radio receivers detect precipitation due to changes in the ionization 95 number density around the lower D-region boundary. As VLF waves propagate beneath the 96 ionosphere in the Earth-ionosphere waveguide, any change in the height of the D-region 97 boundary will produce changes in the received amplitude and phase. Due to the low 98 attenuation of VLF subionospheric propagation, the EEP-modified ionospheric region may 99 Monday, 27 February, 2012 5 be far from the transmitter or the receiver and a combination of ionospheric and 100 electromagnetic wave modeling must be invoked to constrain where the EEP has modified 101 the ionosphere. In contrast, riometers observe local EEP-produced changes occurring 102 directly above the instrument. In this case the increased ionization number density in the D-103 and E-regions, due to EEP, results in the absorption of the HF "cosmic noise" passing 104 through the ionosphere. Finally, the signals arriving at GPS receivers can be used to 105 determine the total electron content (TEC) as the navigation signals pass through the entire 106 ionosphere from the satellite to the receiver. Signals from satellites closest to the ground 107 receiver can be easily converted to vertical TEC (vTEC) under the assumption of a thin 108 ionosphere, and are therefore again a "local" measurement. Generally, vTEC measurements 109 are dominated by the ionospheric F-region and the changes which occur in those altitudes 110 [Mendillo, 2005] . However, a recent paper has argued that substorm-driven EEP can lead to ]. However, many researchers make use of "simple" wide-beam Yagi riometer 146 instruments, which respond to both modes. It is common to take the mean of the two modes 147 to represent the total CNA [e.g., Friedrich et al., 2002] . This is a reasonable approximation 148 to the total absorption (A T ): For the calculations presented below we will assume a 30 MHz wide-beam riometer. The absolute total electron content (TEC) can be estimated from the range delay of two 201 radio signals with different frequencies propagating through the low-altitude magnetosphere 202 and ionosphere between a GPS satellite and a ground station. Absolute TEC is obtained 203 from the pseudo-ranges P 1 and P 2 for GPS frequencies f 1 = 1575.42 MHz and f 2 = 204 1227.60 MHz [Skone, 2001] : 206 where b r and b s are the receiver and satellite interchannel bias terms, respectively. The 207 uncertainty in absolute TEC can be between 1 and 5 TECu (where 1 TECu = 10 16 electrons 208 m -2 ) due to receiver or satellite biases and multipath effects. 209 Relative changes in TEC can be estimated using the carrier phase ranges Φ: 
where R E is the Earth radius, and ε is the elevation angle of the satellite measured at the [TECu] (6) 225 In this study we will consider the change in vTEC with and without the addition of EEP, 226 which we will define as ΔvTEC. being applicable to the real world. In later sections, we will use other sites in order to 247 compare directly with observations during particular events. 248 The ionization rate due to precipitating energetic electrons is calculated by an application of 249 the expressions in Rees [1989] , expanded to higher energies based on Goldberg and Jackman 250 [1984] . The background neutral atmosphere is calculated using the NRLMSISE-00 neutral 251 atmospheric model [Picone et al., 2002] . The equilibrium electron number density in the 252 lower ionosphere, is provided by a simplified ionospheric model [Rodger et al. 1998 [Rodger et al. , 2007 253 that has been expanded to encompass a wider range of altitudes and ionization rates. The Figure 6 shows the response of the three different techniques to radiation belt precipitation. precipitation above the 0.1 TECu threshold required. It is therefore unlikely that riometers, or 390 GPS-derived TEC can be used to measure radiation belt EEP in "normal" or "small" storm 391 conditions, but that riometers will respond during the largest precipitation events. THEMIS, respectively). In order to model the two substorms reported in those papers, we 416 expand the energy spectra to encompass EEP with energies from 1 keV. The EEP flux at 417 1 keV is set at 3×10 9 electrons cm -2 st -1 s -1 taken from FAST measurements reported during a 418 substorm which was said to be "fairly typical" [Mende et al., Fig. 4a, 2003 ]. The flux at 1keV 419 is joined smoothly using a power law to the 30 keV-2.5 MeV EEP spectra described above. 420 Australia. The first of the two substorms occurred on 1 March 2006; the peak riometer ΔCNA 425 18 was 2.9 dB, associated with a 15 dB decrease in the amplitude of NWC measured at Casey. 426 We estimate that this VLF subionospheric amplitude decrease is produced from a >30 keV 427 EEP flux of 2.6×10 7 electrons cm -2 st -1 s -1 (Clilverd et al., 2008) which would lead to a 428 riometer ΔCNA of 5.4 dB. In contrast, the model suggests that the observed riometer ΔCNA 429 of 2.9 dB could be produced from a >30 keV EEP flux of 0.8×10 7 electrons cm -2 st -1 s -1 which 430 would lead to a decrease in the VLF amplitude from NWC of 9dB at Casey. The two different 431 predicted EEP spectra for these situations are shown in Figure 8 . The second of the two substorms occurred on 28 May 2010, after the Casey subionospheric 440 VLF receiver was upgraded such that phase changes could be determined. Clilverd et al.
441
[2011] report a riometer ΔCNA of 3.2 dB, associated with a 210° phase advance of the signal 442 from NWC measured at Casey. They argued that the phase changes should provide a more 443 accurate indication of the EEP because the NWC-Casey quiet day phase variations are more 444 consistent than the quiet day amplitude variations during the nighttime in the winter months. 445 We estimate that this VLF subionospheric phase increase is produced from a >30 keV EEP 446 flux of 1.1×10 7 electrons cm -2 st -1 s -1 which leads to a riometer ΔCNA of 3.2 dB and ΔvTEC 447 of 4.8 TECu. The predicted differential EEP flux for this situation is shown in Figure 8 . In 448 this case there is very good agreement between the EEP flux predicted from both the riometer 449 and the subionospheric phase for this substorm. Our model predicts that an EEP flux of 450 1.1×10 7 electrons cm -2 st -1 s -1 produces ΔvTEC of 4.8 TECu, which is in the upper range 451 reported by Watson et al. [Fig. 12, 2011 ]. 452 The conclusion of Watson et al.
[2011] that a significant fraction of the substorm-associated 453 ΔvTEC changes occur in the D-and E-regions is supported by our calculations. However, we 454 find that only about one-third to one-half of the ΔvTEC changes are due to increased 455 ionization at altitudes below 120 km altitude, with the remainder of the change due to 456 ionization at higher altitudes. 457
Discussion

458
While we have shown that the response of subionospheric VLF to EEP is complicated, we 459 have also shown that it is reasonably sensitive to a wide range of flux magnitudes and can broadcasting once a week for a several hour period during which maintenance is undertaken, 476 leading to unpredictable leaps in phase. In principle it is possible to indentify and compensate 477 for many of these issues, but the longer the period of study the more difficult it is to positively 478 identify phase variations that have been produced by EEP. When the perturbations caused by 479 EEP are only minutes or hours long, then VLF phase is a very good investigative tool. 480 However if an EEP event lasts for more that a day then phase analysis can become 481 contaminated by the instrument effects listed above, and great care needs to be taken. For 482 events lasting 5-10 days, such as EEP from the radiation belts, the analysis of VLF phase is 483 likely to be very difficult. These difficulties could be mitigated if complementary phase 484 information was recorded close to the transmitters, or if official information about the phase 485 was transmitted. 486 The modeling results presented in Section 4 suggest that, considering the realistic energy 487 spectra and flux range, riometers will only respond to EEP with energies >30 keV during the 488 largest radiation belt storms, and even then not particularly strongly. Riometers can respond 489 to EEP events that include a significant population of electron energies <30 keV and that 490 includes substorm events. Such electrons deposit the majority of their energy above the D-491 region (i.e., above ~90 km) around the altitude range where riometer absorption peaks. Figure 8 . Comparison between the substorm-associated differential EEP fluxes for the 795 calculation cases given in Table 1 . Case 1 of 01 March 2006 is the first "Calculation results" 796 line (i.e., 2.9 dB) of that Table, while Case 2 is for the second line (5.4 dB).
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